used in recent years as methods of synthesis of drugs such as R -ibuprofen, R -stiripentol, and S -enciprazine have been reported 16 19 . The X-ray structure of CALB was solved in 1994, and a serine-histidine-asparate catalytic triad is responsible for its catalytic activity 20 . This is similar to the active center of serine proteases 21 . Therefore, lipase also catalyzes enantioselective amidation. Methods for synthesis of optically active amides using lipase-catalyzed enantioselective amidation have also been reported 22 26 .
However, a method for synthesis of optically active substances by a combination of lipase-catalyzed enantioselective hydrolysis and amidation has not been reported. We i n v e s t i g a t e d t h e s y n t h e s i s o f o p t i c a l l y a c t i v e δ-hexadecalactone using enantioselective hydrolysis with lipase. Furthermore, we report that simultaneous lipasecatalyzed enantioselective hydrolysis and amidation improved enantioselectivity for the production of optically active δ-hexadecalactone. 
2.3
General procedure for Novozym 435-catalyzed hydrolysis Novozym 435 0.2 g was added to a solution of rac-1a-e 0.5 mmol and MeOH 1.5 mmol in the corresponding solvent such as cyclohexane, CPME, or the mixed solvents 10 ml , while stirring at 80 in an oil bath. After stirring, the mixture was filtered, and the solvent was evaporated. The crude product was purified by flash chromatography on silica and AcOEt to afford the corresponding R -1a-e, S -2a-e, and S -3. Lactonization of R -1a-e and S -2a-e was performed by hydrolysis under alkaline conditions and subsequent methyl esterification in 10 H 2 SO 4 / MeOH, and intraesterification under acidic conditions 27 . 
S -N-

Novozym 435-catalyzed lactonization of rac-1a
and rac-2a Novozym 435 0.2 g was added to a solution of rac-1a 0.5 mmol or rac-2a 0.5 mmol in cyclohexane or CPME 10 ml , while stirring at 80 in an oil bath. After stirring, Novozym 435 was removed by filtration, and the solvent was evaporated. The crude product was purified by flash chromatography on silica and AcOEt. R -1a, S -2a and S -3 were obtained from Novozym 435-catalyzed lactonization of rac-1a. Racemic 2a and 3 were obtained from Novozym 435-catalyzed lactonization of rac-2a.
Novozym 435-catalyzed amidataion of 3
A solution of rac-3 0.5 mmol , BnNH 2 or cHxNH 2 1.0 mmol and Novozym 435 0.2 g in cyclohexane or CPME 10 ml was stirred for 3 d at 80 . After stirring, the reaction mixture was filtered to remove Novozym 435, and the solvent was evaporated under vacuum, and CH 3 Cl was added to the residue. The resulting solution was then neutralized with aqueous HCl, and extracted with CH 3 Cl, followed by washing with brine. The combined extracts were dried over anhydrous MgSO 4 , and the solvent was removed by evaporating under vacuum. The crude product was purified by flash chromatography on silica and AcOEt to give 3 and 2.
Amine additive Novozym 435-catalyzed hydrolysis of
rac-1a A solution of rac-1a 0.5 mmol , MeOH 1.5 mmol , BnNH 2 or cHxNH 2 1.0 mmol , and Novozym 435 0.2 g in cyclohexane or CPME 10 ml was stirred for 7 d at 80 . After stirring, Novozym 435 was filtered off the reaction mixture, and the solvent was then removed under vacuum. The residue was purified with flash chromatography on silica and AcOEt to afford S -2a and the mixture of R -1a and S -2d-e. Na 2 CO 3 2.0 g was added to a solution of the mixture of R -1a and S -2d-e in MeOH 20 ml , while stirred at 80 for 5 hours in an oil bath. After stirring, MeOH was evaporated under vacuum, and H 2 O 20 ml was added to the residue. The resulting solution was then neutralized with aqueous HCl, and extracted with CH 3 Cl, followed by washing with brine and water. The combined extracts were dried over anhydrous MgSO 4 , and the solvent was removed by evaporating under vacuum. The crude product was purified by flash chromatography on silica and AcOEt to give S -2a and S -2d-e.
3 Results and discussion 3.1 Optimization of substrate structure, solvent and temperature Differences in substrate structure affect the reactivity and enantioselectivity because lipase has substrate specificity. N-alkyl-5-acetoxyhexadecanamides rac-1 possessing various alkyl groups with different steric hindrances were prepared, and the substrates for lipase-catalyzed hydrolysis using rac-1 were screened Scheme 1, Table 1 . Methyl and n-propyl groups as a comparatively small group were selected for the R group in rac-1. Conversely, isopropyl, benzyl and cyclohexyl groups as a comparatively bulky alkyl group were selected. Various N-alkyl-5-hydroxyhexadecanamides rac-2 were prepared from racemic δ-hexadecalactone rac-3 by a ring-opening reaction using primary amines, and subsequently acetylation of rac-2 using acetic anhydride was performed to afford the corresponding rac-1. Novozym 435-catalyzed hydrolysis of rac-1a and 1b possessing methyl and n-propyl group produced S -3 besides a deacetylated S -2 Table 1 , Entries 1-4 . In the case of rac-1c, 1d, and 1e possessing iso-propyl, benzyl, and cyclohexyl groups, respectively, S -3 did not or scarcely produced them. There was no great difference in enantioselectivity compared with methyl and n-propyl groups, but the conversion of rac-1 was low. These showed that R groups of rac-1 did not affect the substrate selectivity of Novozym 435, but the substrate affinity was affected by the difference of R groups. rac-1a exhibited somewhat higher enantioselectivity than rac-1b. It was assumed that Novozym 435 shows high substrate specificity for the substrates with a small R group. The enantiomeric excess of R -1 was higher than those of S -2 and S -3 in cyclohexane Table 1 , Entry 1 . In contrast, S -2 and S -3 had higher enantiomeric excesses than R -1 in cyclopentyl methyl ether CPME Cyclohexane is a low-polar solvent compared to CPME. It seemed that the active site in cyclohexane was increasingly exposed compared with that in CPME. This state allows the substrate to easily enter the active site. This permitted cyclohexane to show higher conversion than CPME. However, lipase in cyclohexane easily draws the substrate into the active site, which leads to a decrease of enantioselectivity and causes the decrease of enantiomeric excess of S -2 and S -3 compared with that in CPME. These results showed that the reactivity and enantioselectivity of Novozym 435 were affected by solvents. Next, reaction temperature was considered because it affects reactivity and enantioselectivity greatly for lipase-catalyzed reaction Table 2 . The reaction mixture of rac-1a was stirred in cyclohexane at 80 for 7 days without adding Novozym 435 Table 2 , Entry 1 . In the additive-free case, although hydrolysis was progressed in the case where Novozym 435 was added, it did not hydrolyze at all. Only when Novozym 435 carried out a catalyst, hydrolysis of rac-1a was progressed. In order to confirm the influence of temperature, hydrolysis was performed at 40, 60, and 80 for 7 days. The conversion rate became high as temperature became high. When CPME was used as a solvent, in 60 and 80 , the production of S -3 other than S -2a into which the acetyl group was hydrolyzed was observed Table 2 , Entries 6 and 7 . In contrast, in 40 , the reaction was progressed only 10 , and the production of S -3 was not observed Table 2 , Entry 5 . S -2a and S -3 that were produced by Novozym 435-catalyzed hydrolysis showed 89-90 enantiomeric excess in all conditions. From these results, although the reaction temperature affected the reactivity of hydrolysis, the enantioselectivity of Novozym 435 was not influenced greatly. The activity of Novozym 435 is not lost in 80 . Therefore, 80 was the optimal reaction temperature. Additionally, various solvents were used in Novozym 435-catalyzed hydrolysis of rac-1a Table  3 . In the case of toluene, the enantioselectivity was highest, but the conversion was low Table 3 , Entry 5 . nHexane produced results for the enantiomeric excesses of R -1 and S -3 similar to cyclohexane Table 3 , Entry 1 . R -1 had higher enantiomeric excess compared with S -2 and S -3. In the case of i-Pr 2 O, S -2a and S -3a had a higher enantiomeric excess than R -1a Table 3 , Entry 4 . The trend is the same with CPME. It seemed that the use of a mixed cyclohexane/CPME solvent gave both enantiomers with high enantiomeric excess Table 4 . The ratio of cyclohexane/CPME 80/20 is on the border line of enantioselectivity Table 4 , Entry 5 . In this case, all enantiomers were obtained with about 75 enantiomeric excess. By mixing CPME in the range of 5-15 of cyclohexane, the enantioselectivity of S -2 increased about 8 compared with the case of using cyclohexane alone without changing most of the enantiomeric excess of R -1 Table 4 , Entries 2-4 . Similarly, mixtures in the range of 25-75 of cyclohexane for CPME increased the enantioselectivity of R -1 more than 10 compared with the case of using CPME alone, which did not change the enantioselectivity of S -2 and S -3 Table 4 , Entries 6-8 . These results indicated that a mixed solvent with an appropriate ratio cyclohexane to CPME gave both enantiomers with high enantiomeric excess compared with the case of using each solvent alone.
Reaction mechanism of lipase in hydrolysis and lactonization
The reaction mechanism of the production of 2a by lipase-catalyzed hydrolysis of 1a is shown in Fig. 1 . The active site of Novozym 435 is constituted by the three amino acid residues of Ser105, His224, and Asp187, and the reaction proceeds by the mechanism shown in Fig. 1 20 .
An oxygen atom of the catalytic serine in the Free enzyme attacked the carbonyl carbon of 1a at the ester group to give a Tetrahedral intermediate with 1a . An Acyl enzyme was formed by releasing 2a, and methanol attacked the carbonyl carbon at the acetyl group to afford a Tetrahedral intermediate with methanol . A catalytic cycle occurs in returning to the Free enzyme to release the methyl acetate. The Free enzyme preferentially recognized the S -enantiomer of 1a, and 2a, produced by lipase-catalyzed hydrolysis, showed S -configuration. However, the reaction carried out by changing various conditions for lactone was not produced by this mechanism Scheme 2, Table 5 . Racemic 2a was stirred with Novozym 435 in cyclohexane or CPME at 80 for 7 d Table 5 , Entries 1 and 2 . 3 was obtained at yields of 40 and 31 in cyclohexane and CPME, respectively. Enantiomeric excesses of 3 obtained in both solvents were 0 . Figure 2 shows the reaction mechanism of lipase for the production of 3 from 2a. site. However, the enantiomeric excess of 3 that was produced when performing Novozym 435-catalyzed hydrolysis of 1a in the presence of methanol was higher than 2a. If 3 produced by the reaction mechanism shown in Fig. 2 in Novozym 435-catalyzed hydrolysis of rac-1a, S -3 should have the same enantiomeric excess as S -2a. Based on this, it seems that 3 was produced by the different reaction mechanism shown in Fig. 2 . Therefore, Novozym 435-cata- Fig. 1 Reaction mechanism of lipase for production of 2a from 1a.
Scheme 2 Novozym 435-catalyzed hydrolysis of rac-1a and lactonization of rac-2a. 2) Determined by GC using an InertCap CHIRAMIX column. Enantiomeric excesses of (R)-1 and (S)-2 were measured from the corresponding 3. 3) Configuration of 1 and 2 was determined from the corresponding 3 compared with literature data.
lyzed hydrolysis of rac-1a was performed in the absence of methanol Table 5 , Entry 3 and 4 . S -3, hydrolyzed S -2a, and R -1a were obtained as in the presence of methanol. The enantiomeric excess of S -3 obtained with both solvents was higher relative to S -2a. Additionally, as compared with the case in the presence of methanol Table  1 , Entries 1 and 2 , the yield of S -3 was higher than S -2a. In particular, when cyclohexane was used as a solvent, the amount of 3 was about twice that of 2a in the presence of methanol, but about 10 times more 3 was produced in the absence of methanol Table 5 , Entry 3 . From these facts, it was assumed that mechanism of Novozym 435-catalyzed hydrolysis of rac-1a and production of S -3 is shown as Fig. 3 . The oxygen atom of the catalytic serine at the Free enzyme is thought to be a Tetrahedral intermediate with 1a and to attack the carbonyl carbon at an ester group of 1a. The Free enzyme selectively takes the S -enantiomer of 1a. An Acyl enzyme is formed by release of S -2a. Binding an oxygen atom at the hydroxyl group of 2a with a carbonyl carbon in the Acyl enzyme forms the Tetrahedral intermediate with 2a . Intramolecular cyclization proceeds and returns to the Free enzyme by releasing S -3 and N-methylacetamide. The Acyl enzyme incorporates S -2a selectively into the active site, and the enantiomeric excess of S -3 produced by this reaction mechanism is higher than that of S -2a. This indicates that the Acyl enzyme has higher affinity to 2a than the Free enzyme . On the other hand, methanol has a higher affinity to the Acyl enzyme relative to 2a. Therefore, the Acyl enzyme takes methanol preferentially over 2a in the presence of methanol. It is considered that the yield of S -3 is higher in the absence of methanol. The catalytic cycle is slower in the absence of methanol in CPME, and it decreases the conversion of rac-1a. It is assumed to be the reaction mechanism of the production of 3, and the reasons the enantiomeric excess of S -3 obtained by Novozym 435-catalyzed hydrolysis of rac-1a is higher than that of S -2a are clearly demonstrated.
Lipase-catalyzed amidation of δ-hexadecalactone
When hydrolyzing rac-1a using Novozym 435, it seemed that the Free enzyme reaction takes rac-1a to give S -2a Fig. 1 , the Free enzyme takes 2a to give 3 Fig. 2 , and the Acyl enzyme takes S -2a to give S -3 Fig. 3 , and all occurred at the same time, which decreases the reactivity and enantioselectivity toward rac-1a. From the results shown in Table 1 , rac-1 with a bulky R group such as benzyl and cyclohexyl groups does not produce 3 in Novozym 435-catalyzed hydrolysis. This indicates that 2 with bulky R groups has low affinity for the Free enzyme and Acyl enzyme . In the other words, Novozym 435 has no reactivity toward 1c-e. Additionally, because lactone produced by Novozym 435 acts as an acyl donor, 3 is considered to have the possibility of inhibiting hydrolysis of rac-1a. If it is possible to convert S -3 into 1c-e when Novozym 435 showed no reactivity by adding an amine to the hydrolysis reaction, Novozym 435-catalyzed hydrolysis of rac-1a preferentially proceeds, and it is thought that Fig. 2 Reaction mechanism of lipase for production of 3 from 2a.
this might increase the enantioselectivity. However, there is a possibility that the reaction is inhibited by the addition of amine. The amidation of racemic 3 was performed by adding two amine equivalents relative to 3 in the presence or absence of Novozym 435 Scheme 3, Table 6 . From the results shown in Tables 1 and 3 , because hydrolysis is carried out at 80 , benzylamine and cyclohexylamine, which have boiling points higher than 80 , were selected. In the case of cyclohexane, almost all of 3 were amidated after three days by both amines, but it was not possible to confirm the effects of the presence of lipase Table 6 , Entries 1, 2, 5 and 6 . On the other hand, when benzylamine was used in CPME, 2d was obtained at 59 and Table 6 , Entries 3 and 4 . Similarly, in the case of cyclohexylamine in CPME, 2e was yielded at 53 and 89 in the absence and presence of Novozym 435, respectively Table 6 , Entries 7 and 8 . It also shows that the conversion of cyclohexane is higher than that of the CPME as in the above-mentioned results Tables 
Optimization of amine and amount added
The type and amount of amine added was optimized. Novozym 435-catalyzed hydrolysis of rac-1a was performed in cyclohexane or CPME for 7 d adding one, two, or five equal amounts of amine to rac-1a Scheme 4, Table  7 . Column separation of R -1a and S -2d-e in the reaction mixture was difficult. Therefore, the acetyl group in R -1a was hydrolyzed using Na 2 CO 3 for the mixture of R -1a and S -2d-e, and the yield was obtained as R -2a and Fig. 4 Reaction mechanism of lipase for production of 2 from 3.
Scheme 4 Amine additive Novozym 435-catalyzed hydrolysis of rac-1a.
S -2d-e. When rac-1a was hydrolyzed in cyclohexane using benzylamine as an amine, addition of equal amounts of one and two was compared to when benzylamine additive-free, enantiomeric excesses of R -1a and S -2d were improved and that of S -2a was reduced Table 7 , Entries 2 and 3 . The enantiomeric excess of S -2d was compared to the S -3 produced by a no amine-added Novozym 435-catalyzed hydrolysis of rac-1a Table 1 , Entry 1 . On the other hand, when five equal amounts of benzylamine were added, the enantiomeric excesses of S -2a and S -2d were improved and that of R -1a was reduced Table  7 , Entry 4 . Adding one and two equal amounts of benzylamine produced no great difference in the yield of R -1a compared with the benzylamine-free case, but the yield of S -2a was decreased and that of S -2d was increased. This is similar to the results obtained by hydrolysis without the addition of methanol to rac-1a Table 5 , Entries 3 and 4 . It seemed that because benzylamine formed a hydrogen bond with methanol, methanol was hardly incorporated into the active site of lipase. Namely, S -2a reacted preferentially with the Acyl enzyme to give S -2d. It is considered that the enantiomeric excess of S -2d improved because the Acyl enzyme incorporated S -2a selectively. Because the lactone with extremely low reactivity was converted to S -2d for lipase at the same time, which removes the lactone that acts as an acyl donor, the selectivity of S -1a was improved, and the enantiomeric excess of the unreacted R -1a was improved. However, when five equal amounts of benzylamine were added, enantiomeric excesses of S -2a and S -2d were improved for the above reason, but the conversion of rac-1a and enantiomeric excess of R -1a were reduced because the excess of benzylamine inhibited the progress of the reaction When CPME was used as a solvent, the conversion of rac-1a was lower than when no benzylamine was added, and the enantiomeric excesses of R -1a were decreased Table 7 , Entries 9-11 . Because CPME has high polarity compared to cyclohexane, methanol and amines had difficulty in hydrogen bonding. This is because reactivity to the Acyl enzyme of benzylamine was increased, and it was preferentially reacted with rather than rac-1a. Further, because CPME was easily dissolved in 2a compared to cyclohexane, reactivity to lipase was decreased and the Acyl enzyme was hardly incorporated into the active site of S -2a. This may be because the CPME produced smaller amounts of S -3 compared to cyclohexane Table 1 , Entries 1 and 2 . Thus, S -2a increased in the reaction system. S -2a acts both as an acyl receptor Fig. 2 and as an acyl donor Fig.  3 . Because the increase of S -2a conceivably competed with the hydrolysis of rac-1a, the conversion of rac-1a was reduced, and the enantiomeric excess of R -1a was also reduced. Further, it was considered that because it was difficult to match the substrate specificity of Novozym 435 for 2a dissolved in CPME, the selectivity of Novozym 435 for S -2a was decreased, and the enantiomeric excess of S -2d was reduced. When cyclohexylamine was used as an amine in CPME, there was no great difference in the yield of R -1a compared with the case without cyclohexylamine added, and the enantiomeric excesses of R -1a were improved about 10 when one and two equal amounts were added Table 7 , Entries 5 and 6 . Little difference was observed compared with the yield of S -2 without an addition, and improved enantiomeric excesses of about 10 were observed when equal amounts of two and five were added Table 7 , Entries 6 and 7 . A trend similar to S -2a was observed in S -2e. Compared with the case of benzylamine, since the yield of S -2a was not affected by the addition of cyclohexylamine, cyclohexylamine hardly formed a hydrogen bond with methanol because the cyclohexyl group had a low electron-donating capacity relative to the benzyl group, and it was considered that cyclohexylamine did not affect the incorporation of methanol into the Acyl enzyme . R -1a and S -2e were obtained with more than 90 enantiomeric excess with two and five equal amounts, respectively. However, all enantiomers of R -1a, S -2a, and S -2e were obtained with a higher enantiomeric excess on average with addition of two equal amounts of cyclohexylamine, and this was the optimum for this condition. Even when cyclohexylamine was added to CPME, the yield of S -2e tended to be comparable to S -2a with benzylamine Table 7 , Entries 12-14 . When five equal amounts of cyclohexylamine were added in order to inhibit the reaction, the yield and enantiomeric excess of S -2e decreased Table 7 , Entry 14 . However, there was no great difference in the yields of R -1a with one and two equal parts compared to that without cyclohexylamine additive, but enantiomeric excesses of R -1a were increased more than 10 . When two equal amounts were added, all enantiomeric excesses of R -1a, S -2a, and S -2e were improved, so addition of two equal amounts was considered an appropriate amount Table 7 , Entry 13 . From the above, converting 3 produced by lipase to 2d or 2e, which exhibited less reactivity toward lipase by the addition of the corresponding amine, reduced the competitive reaction for hydrolysis of rac-1a, and these increased the selectivity of Novozym 435 for 1a. Furthermore, it was found that cyclohexylamine enhanced the selectivity compared to benzylamine, and addition of two equal amounts was optimal.
3.5 Lipase-catalyzed hydrolysis of rac-1a with two equal amounts of cyclohexylamine in mixed solvent Cyclohexylamine-added Novozym 435-catalyzed hydrolysis of rac-1a was carried out using various cyclohexane/ CPME mixed solvents Table 8 . A slight decrease in the enantiomeric excess of R -1a was observed in 50/50 and 25/75 mixed solvents compared with the case of using cyclohexane alone Table 8 , Entries 7 and 8 , but enantiomeric excesses were improved using CPME that had cyclohexane in the range of 5-25 Table 8 , Entries 2-6 . In addition, those of R -1a were more than 20 higher compared with using CPME alone. In the mixed solvents of 95/5, 90/10 and 85/15, enantiomeric excesses of S -2a were decreased 20-30 compared to cyclohexane Table 8 , Entries 2-4 . The yields of S -2a were more than 10 lower in these mixed solvents relative to cyclohexane alone. Furthermore, the yields of S -2e were about 10 higher compared to cyclohexane. These were similar to the results of the hydrolysis of rac-1a in the absence of methanol Table 5 , Entries 3 and 4 . Based on these results, S -2a was preferentially taken into lipase to produce S -3 because methanol was hardly incorporated into lipase by hydrogen bonded with cyclohexylamine, and the lipase was subsequently converted S -3 to S -2e. As above mentioned, the Acyl enzyme incorporated S -2a selectively into the active site to convert S -3 Fig. 3 . As a result, it was considered that the increase of the ratio of R -2a in S -2a caused the decrease of enantiomeric excess of S -2a. Enantiomeric excesses of S -2a obtained in 80/20, 75/25, and 50/50 mixed solvents were comparable to those in cyclohexane Table 8 , Entries 4, 6 and 7 , and that in 25/75 increased 10 Table 8 , Entry 8 . Enantiomeric excesses of S -2e were observed to decrease slightly in 25/75 mixed solvent Table 8 , Entry 8 , but it showed a higher value than cyclohexane alone in all mixed solvents except the ratio of 25/75. Among them, in the cases of 90/10, 85/15, and 80/20, both enantiomers could be efficiently synthesized with more than 90 enantiomeric excess Table 8 , Entries 3-5 .
CONCLUSIONS
N-Methyl-5-acetoxyhexandecanamide rac-1a as a substrate was hydrolyzed using Novozym 435 in the presence of two equal amounts of cyclohexylamine, and both enantiomers of δ-hexadecalactone 3 were synthesized with more than 90 enantiomeric excess. A methyl group was suitable as a substrate for the R group. A moderate mixture of cyclohexane and CPME solvents showed higher enantioselectivity than each solvent alone. Lipase was found to catalyze not only the hydrolysis of rac-1a, but also amidation of 3. In general, lipases catalyze the hydrolysis reaction that recognizes the ester groups, but it was confirmed that Novozym 435 recognized the amide groups of 1a and 1b and catalyzed lactonization enantioselectively. It was possible to improve the enantioselectivity of Novozym 435 by the addition of two equal amounts of cyclohexylamine relative to rac-1a in the hydrolysis reaction. Furthermore, by using cyclohexane/CPME mixed solvents at ratios of 90/10, 85/15, and 80/20, both enantiomers of 3 were synthesized efficiently with more than 90 enantiomeric excess.
